Night break treatment was applied to Eustoma grandiflorum 'Neilpeach Neo' using different light sources to investigate growth and flowering responses. The seedlings were grown in a greenhouse and treated with night break treatment using a far-red fluorescent lamp, a plant growth fluorescent lamp, a daylight-type fluorescent lamp or an incandescent lamp, or were grown under non-treated conditions (control). Photosynthetic photon flux density (PPFD) at the top of the plant was 5 µmol·m −2 ·s −1 under each light source. The red (660 ± 30 nm): far-red (730 ± 30 nm) ratio of the light sources was 0.01, 0.43, 5.00, and 0.65, respectively. The time from planting to flower budding was 46 days for plants grown under a far-red light fluorescent lamp, compared with 66 days in the control. The incandescent lamp and plant growth fluorescent lamp also reduced the time to flower budding; however, the daylight-type fluorescent lamp delayed flower budding by 4 days compared with the control. The light source regimes had little or no effect on the time to flowering after flower budding. The far-red fluorescent lamp, incandescent lamp and plant growth fluorescent lamp reduced the number of nodes on the main stem at the anthesis of the first floret, while the daylight-type fluorescent lamp increased the number of nodes. The farred fluorescent lamp and incandescent lamp promoted internode elongation, while the daylight-type fluorescent lamp reduced internode length. Moreover, a red fluorescent lamp with a R: FR ratio of 105 delayed flower budding and flowering, and increased the number of nodes of the plants as compared with the control, regardless of the long day lengths in July and August. Thus, it is considered that the growth and flowering time of Eustoma grandiflorum can be controlled by long-day treatment carried out with the proper type of light source.
Introduction
Eustoma grandiflorum (Raf.) Shinn. is a seedpropagated ornamental flower native to the central and southern regions of the United States of America and inhabits moist prairies ranging from Nebraska to Colorado and Texas (Halevy and Kofranek, 1984; Ohkawa, 1987) .
Eustoma cultivars have become very popular as a cut flower crop in Japan because of the colorful color and long vase life of the flowers. Consequently, year-round production in greenhouses to improve the cut flower quality has been attempted in warm western regions of Japan, in particular. However, in warm regions, such as Fukuoka Prefecture, where exposure to sunshine during winter is limited, retardation of plant growth and flowering, and deterioration of cut flower quality are serious problems.
Due to the complex response of Eustoma cultivars to the photoperiod, these plants have been classified as both day-neutral plants (Halevy and Kofranek, 1984) and as quantitative long-day plants (Ohkawa, 2003; Tsukada et al., 1982; Zaccai and Edri, 2002) . Recently, we reported that long-day treatment (night break treatment) promoted the flowering of most Eustoma cultivars raised in recent years for shipments in winter and spring (Yamada et al., 2006) . Moreover, it has been determined that light from a far-red fluorescent lamp promoted plant flowering better than light from an incandescent lamp (Yoshimura et al., 2005) . Finally, it is known that plants under LED (light-emitting diode) with a low red (600-700 nm): far-red (700-800 nm) ratio condition show an earlier flowering than under a high red: far-red ratio condition 70 (Ishikura et al., 2005) .
These results indicate that light quality is one of the most important factors in the floral induction and growth of E. grandiflorum. The aim of the present study is to examine the effect of light quality on plant growth and flowering, in order to promote the establishment of yearround production and improve the cut-flower quality of E. grandiflorum.
Materials and Methods
In the following two experiments, Eustoma grandiflorum 'Nailpeach Neo' seeds (Miyoshi Co., Yamanashi, Japan) were sown in plastic germination trays with 288 cells (21 mL/cell) filled with Metro-mix 350 (Sun Gro Horticulture Distribution Inc., USA). The medium was adequately moistened and the seeded trays were kept for 4 weeks in a dark cool-room at 10°C. The trays were transferred to a greenhouse and were grown under constant temperature conditions of 25°C during the day (6:00-18:00) and 15°C at night (18:00-6:00) for 7 weeks in order to promote bolting and flowering of the plants from autumn to winter. Then, the seedlings were planted in a plant box (60 cm long × 18 cm wide × 15 cm deep) filled with a medium comprising a 4: 3: 2: 1 ratio of paddy soils (Chikushino, Fukuoka, Japan), Metro-mix 350, leaf molds (Hayashi Engei Shizai Co., Okayama, Japan) and bora-sands (Midori Sangyo Co., Fukuoka, Japan), respectively. The seedlings were grown in a greenhouse at the lowest night temperature of 15°C. Experiment 1. Effects of night break treatment using different types of light sources on growth and flowering characteristics of E. grandiflorum The seeds were sown on July 15, 2005, and seedlings were subsequently transplanted into plant boxes as stated above on September 30. After planting, the seedlings were treated with night break treatment from 22:00 to 3:00 using four types of light sources: a plant growth fluorescent lamp (FL20S·FR·P) manufactured by Matsushita Denco Co., Osaka, Japan, a far-red fluorescent lamp (FL20SFR-74), a daylight-type fluorescent lamp (FL20S·D), and an incandescent lamp (75W) manufactured by Toshiba Lighting and Technology Co., Kanagawa, Japan. The photosynthetic photon flux density (PPFD) of each light source was 5 µmol·m −2 ·s Experiment 2. Effects of night break treatment using a red light source with a high R:FR ratio on growth and flowering characteristics of E. grandiflorum The seeds of the plants were sown on April 25, 2006 and the seedlings were planted in a plant box on July 11. After planting, the seedlings were treated with night break treatment from 21:00 to 3:00 using a red fluorescent lamp (FL20S·R) manufactured by Matsushita Denco Co., with a R (660 ± 30 nm): FR (730 ± 30 nm) ratio of 105. The photosynthetic photon flux density (PPFD) of the light source was 5 µmol·m −2 ·s −1 at the top of the plant. Night break treatment was applied from planting until the appearance of flower buds in each treatment. As a control, plants were grown under ambient light without night break treatment. There were 10 plants perexperimental unit and three replications of each treatment. We measured the date of flower budding, date of flowering, and the number of nodes and stem length on the main stem at the anthesis of the first floret.
Results
Experiment 1. Effects of night break treatment using different types of light sources on growth and flowering characteristics of E. grandiflorum
Red: far-red ratio of the light source The R (660 ± 30 nm): FR (730 ± 30 nm) ratios of the far-red fluorescent lamp, the plant growth fluorescent lamp and the incandescent lamp were 0.01, 0.43, and 0.65, respectively, while that of the daylight-type fluorescent lamp had the highest value of 5.00 (Table 1) . Although the R: FR ratios of the plant growth fluorescent lamp and the incandescent lamp were similar in either case, the photon flux density of red or far-red light from the incandescent lamp was higher than that of the plant growth fluorescent lamp.
Number of nodes and stem length in the growing period
In the period between planting and the appearance of the first flower buds (mid-November), no significant difference in the number of nodes on the main stem was found between plants exposed to different light sources and the control (Fig. 1) . At that point, the number of nodes on stems of plants irradiated by the daylight-type fluorescent lamp increased more than that of the other treatments. The numbers of nodes on the stems of plants exposed to the far-red fluorescent lamp, the incandescent lamp and plant growth fluorescent lamp were lower than that of the control. The rate of stem elongation was highest in plants grown under a far-red fluorescent lamp (Fig. 2) . The stem elongation rate was similar for plants growing under the plant growth fluorescent lamp and the incandescent lamp, whereas the elongation rate of plants irradiated by the daylight-type fluorescent lamp was lower than that of the control until early December.
Date of flower budding, date of flowering and characteristics at flowering The relative size and flowering of the plants 103 days after planting are shown in Figure 3 . Depending on the treatment, the time from planting until flower budding differed significantly, but there was no significant difference in the time from flower budding to flowering in each treatment ( Table 2 ). The shortest period from planting to flower budding was 46 days in the far-red fluorescent lamp treatment. In the incandescent lamp and the plant growth fluorescent lamp treatments, these terms were 50 and 52 days, respectively; however, the longest term was 70 days in response to the daylighttype fluorescent lamp, compared with 66 days in the control. The number of nodes on the main stem to the anthesis of the first floret was lowest (7.5 nodes) in plants grown under the far-red fluorescent lamp. Under the incandescent lamp and the plant growth fluorescent lamp, the number of nodes was reduced also, compared to the 9.7 nodes in the control. In contrast, the daylight-type fluorescent lamp significantly increased the number of nodes to 10.7.
Almost all internodes measured in plants growing under the far-red fluorescent lamp and the incandescent lamp were longer than those of the control (Fig. 4) . Only the length of the bottom internode of plants exposed to the daylight-type fluorescent lamp was similar to that of the control; however, almost all other internodes above the second node from the base were significantly shorter than those of the control. Experiment 2. Effects of night break treatment using a red light source with a high R:FR ratio on growth and flowering characteristics of E. grandiflorum In this experiment, the day lengths ranged from 15 hours on the planting date (July 11) to 14 hours at flower budding time (early August). Both the mean date of flower budding and flowering in the red fluorescent lamp treatment were three days later than those of the control (Table 3 ). The red fluorescent lamp increased the number of nodes on the main stem up to the anthesis of the first floret (6.6 nodes), compared to the 5.9 nodes in the control; however, the stem length and mean internode length at the anthesis of the first floret were not significantly different in either case.
Discussion
According to recent reports on lighting treatments for E. grandiflorum, it has been proven that Eustoma is a quantitative long-day plant for flower-bud formation in most cultivars and its flowering is promoted by long days (Islam et al., 2005; Ohkawa, 2003; Tsukada et al., 1982; Yamada et al., 2006; Zaccai and Edri, 2002) . In addition, flowering was initiated earlier under a high light integral, as compared to a low light integral with the same day length (Islam et al., 2005) . Table 3 . Effects of night break treatment using a red fluorescent lamp on growth and flowering characteristics of E. grandiflorum.
z Mean internode length from the base to the sixth node. y NS, **, and * indicate non-significant, significant at P = 0.05 and P = 0.01 by T-test, respectively. Currently, the standard hypothesis when examining the relationship between the flowering response and photoperiod is the phytochrome theory, which was proposed by Borthwick et al. (1952) . This theory postulates that flowering is controlled by the ratio of the red (R) light to far-red (FR) light integral. The wavelength ranges of R and FR are 600-700 nm and 700-800 nm (Cleland and Briggs, 1968) , 600-700 nm and 700-780 nm (Satter and Wetherell, 1968) , or 656-664 nm and 726-734 nm (Deitzer et al., 1979) , respectively. In accordance with these reports, we measured the photon flux density of red light at 660 ± 30 nm and far-red light at 730 ± 30 nm with the Skye sensor for each light source.
Investigations of flowering responses in short-day plants have examined the effects of various durations, intensities and combinations of red and far-red light interruptions. Conforming to the principle of the phytochrome theory, red light was most effective for retardation of flowering in most short-day plants such as Pharbitis nil Choisy (Takimoto and Hammer, 1965) and Xanthium pennsylvanicum Wallr. (Reid et al., 1967) . On the other hand, flowering in the long-day plant Hordeum vulgare L. was enhanced by adding far-red light to the main light portion of the photoperiod, and the flowering response was correlated to the R (656-664 nm): FR (726-734 nm) ratio (Deitzer et al., 1979) . However, Cleland and Briggs (1968) reported that farred (700-800 nm) light was almost as effective as red (600-700 nm) light, and attempts to reverse the red light response with subsequent far-red light treatments were not successful for the long-day plant Lemna gibba L. Moreover, the red light was most effective for promoting flowering for a long-day plant Hyoscyamus niger L., and the red light response was reversed by subsequent far-red light treatments (Wareing and Phyllips, 1989) . These investigations indicate that the effects of various types of illumination using red or far-red light on floral induction in long-day plants depend on the species in question.
In experiment 1, the far-red fluorescent lamp, the incandescent lamp and the plant growth fluorescent lamp promoted flowering of Eustoma plants while the daylight-type fluorescent lamp delayed flowering, compared to the control. The light sources affected the length of the period from planting to flower budding, but did not affect the time from flower budding to flowering. It is concluded from these results that long day treatment (night break) affected flower bud differentiation, but not flower bud development. In addition, the number of nodes on the main stem was reduced under light sources with a low R: FR ratio (0.01-1.20), but increased under a light source with a high R: FR ratio (5.0), compared to plants growing under control conditions. In experiment 2, plants exposed to the red fluorescent lamp with a R: FR ratio of 105 showed significantly delayed flower budding compared with the control, regardless of the long-day period (15 to 14 hours day length). It appears that the promotion of flowering was associated with decreased node frequency on the main stem, while delayed flowering was associated with an increase in the number of nodes on the main stem. The R: FR ratio of each light source had a strong effect on each treatment. Yoshimura et al. (2002) reported that Matthiola incana (L.) R. Br. plants grown under a low R: FR photon flux film during the day and irradiated with far-red light at night flowered earlier, whereas the flowering of plants exposed to a high R: FR photon flux ratio during the day and red light at night was delayed. In addition, day-length extension with an incandescent lamp was more effective than a day light-type fluorescent lamp for promoting the flowering of long-day plants such as Campanula carpatica Jacq. (Kristiansen, 1988) , Gypsophila paniculata L. (Shillo and Halevy, 1982) and Hyoscyamus niger L. (Downs and Thomas, 1982) . These reports indicate that a light source rich in far-red light or having a low R: FR ratio promotes the flowering of some horticulturally important long-day plants. We are now conducting investigations seeking to establish the critical R: FR values for the promotion and retardation of flowering in Eustoma plants, and the effect of the intensity of far-red light on the flowering of the plant.
In experiment 1, the daylight-type fluorescent lamp with a high R: FR ratio of 5.0 retarded internode elongation. Moreover, internode lengths under the plant growth fluorescent lamp were significantly shorter than those of plants exposed to the incandescent lamp; nevertheless, their R: FR ratios were similar (0.43 and 0.65, respectively). It is assumed that the low photon flux density of far-red light from the plant growth fluorescent lamp retarded stem elongation, in the same manner as a high R: FR ratio. Yoshimura et al. (2002) reported that Matthiola incana (L.) R. Br. plants exposed to light containing a low R: FR ratio during the day and to far-red light at night developed long internodes. Furthermore, the stem of Sinningia speciosa Hiern became abnormally elongated when the P fr (chromoprotein of far-red light pigment) level was reduced by far-red (700-780 nm) light (Satter and Wetherell, 1968) . Stem length of Petunia × hybrida Vilm. plants was also increased by day-length extension using far-red-rich light (Shimai, 2002) . In Chenopodium album L., enhanced stem elongation under a low R: FR ratio is due to the low ratio of P fr -type phytochrome to total phytochrome (Wareing and Phyllips, 1989) ; however, the stem length and mean internode length of plants irradiated by the red fluorescent lamp with a high R: FR ratio were the same as controls in experiment 2. We consider that high illumination levels during daylight, and high temperatures in July and August reduced the difference in stem elongation of the 'Nailpeach Neo' cultivar, among the treatments.
Various studies in recent years have investigated the
